Depressive patients typically show biased attention towards unpleasant and away from pleasant emotional material. Imaging studies suggest that dysfunctions in a distributed neural network, including the ventromedial prefrontal cortex (vmPFC), are associated with this processing bias. Accordingly, changes in vmPFC activation should mediate changes in processing of emotional stimuli. Here, we investigated the effect of inhibitory and excitatory transcranial direct current stimulation (tDCS) of the vmPFC on emotional scene processing in two within-subject experiments using functional magnetic resonance imaging (fMRI) and magnetoencephalography (MEG). Both studies showed that excitatory relative to inhibitory tDCS amplifies processing of pleasant compared to unpleasant scenes in healthy participants. This modulatory effect occurred in a distributed network including sensory and prefrontal cortex regions and was visible during very early to late processing stages. Findings are discussed with regard to neurophysiological models of emotional processing. The convergence of stimulation effects across independent groups of healthy participants and complementary neuroimaging methods (fMRI, MEG) provides a basis for further investigation of a potentially therapeutic use of this novel stimulation approach in patients with depression or other affective disorders.
Introduction
Major depressive disorder (MDD) patients frequently show attention and memory biases in favor of unpleasant and away from pleasant information (for reviews see Mathews and MacLeod 2005; Gotlib and Joormann 2010; Everaert et al. 2012) , which may be ameliorated by antidepressant treatment (Harmer and Cowen 2013) . This behavioral tendency may be related to alterations in neuronal network activation, as abnormalities in neuronal activation in MDD have been observed in multiple brain regions, including cortical and subcortical areas, such as the prefrontal cortex (PFC) and amygdala (for reviews see Drevets 1998; Davidson et al. 2002) . For example, a recent meta-analysis on functional magnetic resonance imaging (fMRI) studies reported reduced activation of dorsolateral prefrontal cortex (dlPFC) and enhanced activation of the amygdala in response to unpleasant versus neutral scene perception in MDD patients relative to healthy controls (Groenewold et al. 2013) .
However, the existing literature on neural alterations in MDD is far from being consistent. Indeed, evidence suggests that changes in frontal activation in MDD might be hemispherespecific, as reduced activation of especially the left dlPFC has been linked to depression, might be dependent on comorbid anxiety, as anxiety symptoms have frequently been associated with especially right dlPFC activation, and might be dependent on anatomical subregions, as reductions in dlPFC activation have been shown to go along with increases in other frontal regions (Davidson et al. 2002) . Nevertheless, reports of reduced dlPFC function in MDD have motivated treatment attempts via excitatory transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS) of the dlPFC. TMS has yielded promising results, and this treatment is now approved by the US Food and Drug Administration (FDA) for some patients. tDCS offers some advantages over TMS, especially its ease of application and opportunity of mobile usage (i.e., during therapy) as well as prevention of unwanted muscular or neural co-activations, specifically if applied to prefrontal stimulation sites (e.g., reduced stimulation of facial and ocular muscles and nerves). However, recent summary reviews of published attempts to use tDCS to stimulate dlPFC in depression report effect sizes that are either moderate (Kalu et al. 2012) , small (Shiozawa et al. 2014) , or non-significant . Importantly, all prior attempts have employed electrode placements over left and right frontal regions, thus directing currents across the hemispheres. As the relative direction of current flow through the cortical sheet regulates the excitatory or inhibitory effect of tDCS (Bikson et al. 2004) , the use of cross-hemispheric electrode placements combines excitatory stimulation on one and inhibitory stimulation on the other hemisphere.
Some investigators have stressed the importance of studying beneficial effects of dlPFC stimulation via tDCS using different electrode placements (Brunoni et al. 2012) . Others question the efficacy of dlPFC stimulation via tDCS and demand the investigation of new targets (Downar and Daskalakis 2013) . In fact, Myers-Schulz and Koenigs (2012) argue that among cortical and subcortical brain areas with identified dysfunction in mood and anxiety, the vmPFC is the most widely reported. For example, connectivity analyses of resting-state functional imaging data have shown that a region within the vmPFC-adjacent to the perigenual anterior cingulate cortex (pACC)-is part of a default mode network that is altered in MDD, leading to a diminished suppression of unpleasant stimuli (Grimm et al. 2009 ; for an extensive review see Whitfield-Gabrieli and Ford 2012). Interestingly, the success of cognitive-behavioral therapy (CBT) in MDD patients is more likely in those with greater bilateral vmPFC activation at baseline (Ritchey et al. 2011) . Consistent with this, it has been suggested that a restoration of impaired automatic emotion regulation in the mPFC, specifically dorsomedial PFC and pACC, is a necessary first step towards successful MDD therapy (Rive et al. 2013) . Myers-Schulz and Koenigs (2012) however also acknowledge apparent discrepancies in the existing data on depression, as some studies reveal heightened neural activity in the vmPFC of MDD patients, particularly in the subgenual cortex, which decreased with successful therapy, while others reported relatively reduced vmPFC activity in MDD, which increased in patients responsive to CBT. Based on consideration of studies in both psychiatric patients and healthy controls, MyersSchulz and Koenigs (2012) suggest an anterior-posterior differentiation of vmPFC-subregions with a posterior subgenual vmPFC area and a more anterior perigenual part of the vmPFC, including furthermore the dorsoanterior pACC, that can be broadly characterized in terms of "negative affect" and "positive affect", respectively. Supporting its relevant role in hedonic valence processing, anterior regions of the mPFC, including more ventral areas, have also been shown to be specifically reactive to pleasant scene perception (Sabatinelli et al. 2007) , an effect that is absent in dysphoria (Sabatinelli et al. 2015) .
Taken together, these findings suggest that the excitation of the vmPFC by anodal tDCS could be expected to enhance perceptual processing of appetitive relative to aversive stimuli. Such a treatment could ameliorate the impact of aversive processing biases in MDD patients.
As baseline survey, the two studies at hand tested whether tDCS of the vmPFC is capable of modulating emotional scene processing in healthy participants. fMRI and magnetoencephalography (MEG) measures were chosen as these methods complement each other in terms of spatial and temporal resolution. We hypothesized that inhibitory vmPFC stimulation would drive affective processing towards a depression-like bias, with relatively enhanced processing of unpleasant compared to pleasant scenes, while excitatory stimulation would mimic the assumed potential therapeutic effect with amplification of pleasant compared to unpleasant scene processing.
Materials and Methods

Participants
About 24 members of the University of Münster community participated in the fMRI experiment. Of the case, 2 participants' data were lost due to excessive head motions, leaving 22 participants in the final sample (mean age 27.1 years, SD 3.9 years, 11 female). Another 33 participants of the University of Münster were recruited for the MEG study. From this sample 4 participants were excluded due to excessive artifacts (3) and deviating depression and anxiety scores (1), leaving 29 participants in the final MEG sample (mean age 23.6 years, SD 4.4 years, 16 female). All participants gave written informed consent, and both studies were approved by the University of Münster Human Subjects Review Board. Furthermore, all participants reported no neurological abnormalities and had normal or corrected-to-normal vision. Participants received 50 Euros compensation.
tDCS
A DC Stimulator Plus (NeuroConn GmbH, Ilmenau, Germany) applied a constant current of 1.5 mA for 10 min (0.9 C overall charge) through a pair of electrodes covered in saline-soaked sponges during each stimulation run. Finite element-based forward modeling of tDCS currents (Wagner et al. 2014 ) with priors of maximal vmPFC stimulation and minimal stimulation of other brain areas resulted in a forehead-chin montage with the forehead electrode serving as stimulating component and the chinelectrode as extracephalic reference (Fig. 1) . Using elastic rubber bands, a 3 × 3 cm electrode was placed between the 10-20 electrode positions Fz and Fp centrally on the forehead (equidistant between eyebrow and hairline) while a second 5 × 5 cm reference electrode was positioned under the chin (Fig. 1 ). (Our computational modeling revealed that while stimulation focality at the desired site of stimulation significantly increased with decreasing forehead electrode size, this effect was negligible for the quite remote chin reference. Thus, to reduce current density especially in oral regions of no interest, a bigger pad has been chosen as chin reference.) During excitatory or inhibitory stimulation the forehead electrode was used as anode or cathode, respectively. All participants received excitatory as well as inhibitory tDCS of the vmPFC with a 90 min break between stimulation sessions to allow dissipation of effects . Half of the participants within each group started with excitatory stimulation while the other half began with inhibitory stimulation. Excitatory and inhibitory stimulation order was balanced across participants who were blinded to the stimulation conditions. Stimulations started and ended with ramps of 10 s linearly increasing and decreasing currents. Directly after each stimulation application, participants were positioned in the MRI or MEG scanner, respectively. fMRI Procedure Participants were given instructions and fitted with earplugs, headphones, and given a patient-alarm squeeze ball prior to entering the bore of the scanner. Padding inside the head coil and explicit verbal instruction were used to limit head motion. Each participant spent approximately 40 min total inside the scanner, during which a structural scan and 3 series of functional scans were conducted. In each functional scan, participants were instructed to attend to the presented pictures, visible through a coil-mounted mirror, and maintain fixation on a red fixation dot at the center of the scene throughout the series.
Stimuli and Experimental Paradigm
Participants viewed a series of 80 natural scene photographs presented in 256 levels of grayscale, at 800 × 600 resolution, over a 30°h orizontal field of view. The scene stimuli depicted a range of content including pleasant (erotic scenes, romantic couples, happy children and families), neutral (land-/cityscapes, people in daily activities), and unpleasant (threatening animals/people, scenes of graphic bodily injury) material. All scene stimuli were balanced by valence to be statistically equivalent in luminosity and 90% quality Joint Photographic Experts Group (JPEG) file size using GIMP 2.8 (gimp.org), and were presented via Matlab (MathWorks), using the Psychophysics Toolbox (Brainard 1997 ) in pseudo-random order, with each series beginning with a 2 s checkerboard acclimation image. In each of the 3 event-related blocks the scene duration was 2 s followed by 9-11 s of fixation only. The first series of 20 scenes was collected prior to tDCS. Directly after anodal and cathodal stimulation periods, 2 additional novel 30-scene series were collected.
Data Acquisition and Analyses
Once participants were situated inside the Siemens Prisma 3 T magnet (Siemens Healthcare, Erlangen, Germany), a T1-weighted structural volume was collected consisting of 192 sagittal slices with a 256 × 256 matrix and 1 mm 3 isotropic voxels. The functional prescription covered the whole brain with 30 interleaved axial slices with 3.5 mm 3 isotropic voxels (64 × 64 gradient echo EPI, 224 mm FOV, 3.5 mm thickness, no gap, 90°flip angle, 30 ms TE, 2000 ms TR). Each functional time series was slice-time corrected using cubic spline interpolation, spatially smoothed across 2 voxels (7 mm full width at half maximum), linearly detrended and high-pass filtered at 0.02 Hz using BrainVoyager QX 2.8 (Brain Innovation; brainvoyager.com). In post-processing, trials with residual motion were removed manually, by identifying large (greater than 4 times the background variation) and brief spikes in the time series that are indicative of head motion. These spikes were located by examining the average signal intensity across a majority of the voxels in a slice (a rectangular region of greater than half the voxels within the brain). This procedure resulted in the removal of less than 1% of total trials, and no more than 3 trials from any single participant. Functional data was then transformed into standardized Talairach coordinate space (Talairach and Tournoux 1988) . To investigate the effect of brain stimulation on emotional scene processing, a 2 × 2 repeated measures ANOVA of tDCS (Excitatory, Inhibitory) and scene Valence (Pleasant, Unpleasant) was conducted. A 2-gamma hemodynamic response function was employed (Friston et al. 1998) , and a false discovery rate of P < 0.05 (Genovese et al. 2002) and 250 mm 3 cluster minimum was applied to control for multiple comparisons. To follow-up interaction effects, t contrasts of Excitatory > Inhibitory image data were calculated (t > 2.83, FDR < 0.01, 250 mm 3 cluster minimum) independently for Pleasant and Unpleasant scene trials. 
MEG
Procedure Before participants were seated in the shielded MEG chamber, the individual head shape was captured using a 3Space Fastrak (Polhemus, Colchester, Vermont, USA). Participants completed a habituation run to get accustomed to all presented stimuli. Directly afterwards, participants watched the same stimuli during MEG recording. Recording duration took on average 7 min.
Stimuli and Experimental Paradigm
Visual affective stimuli consisted of equal categories and subcategories as in the fMRI study with the exception of neutral scenes. The 32 pleasant and 32 unpleasant grayscale pictures had a resolution of 1024 × 786 (12.3°horizontal field of view) and were presented for 600 ms followed by a jittered inter-stimulus interval of 1000-2000 ms. A red fixation dot in the center of the screen was used to minimize eye movements. Stimuli were repeated only after every image had been presented equally often. Altogether, participants viewed each stimulus 11 times resulting in 704 trials. However, the first 128 trials (each picture shown twice) were used as a habituation series and were not recorded.
Data Acquisition and Analyses
Visually evoked magnetic fields (VEMFs) of all participants were recorded using a 275 MEG whole-head sensor system (CTF Systems Inc., BC, Canada) with first-order axial gradiometers. Landmark coils were positioned on the 2 ear channels and the nasion to register head movement during MEG recording. Head movement was quantified as maximum deviation of landmark coils from the starting position at the beginning of the session. Movements did not exceed 5 mm per MEG session in all subjects. MEG data were recorded continuously with a sampling rate of 600 Hz, across a frequency range from 0 to 150 Hz (anti-aliasing hardware filtering). The continuous data were down-sampled offline to a rate of 300 Hz, and filtered with zero-phase Butterworth second-order high-pass and fourth-order low-pass filters, so that the final data only included responses between 0.1 and 48 Hz. Data were split into single epochs encompassing an 800 ms timewindow, from 200 ms before to 600 ms after picture onset. Epochs were baseline-adjusted, selecting a pre-stimulus interval of 150 ms duration before picture onset as baseline. Artifact detection and rejection was performed with an established method for statistical control of artifacts in high-density EEG/MEG data (Junghöfer et al. 2000) . The number of rejected trials and interpolated sensors did not differ across the experimental conditions. Epochs were averaged across conditions and underlying cortical sources were calculated using the L2-Minimum-Norm-Estimates method (L2-MNE) (Hämäläinen and Ilmoniemi 1994) allowing the estimation of distributed neural network activity without a priori assumptions regarding the location and/or number of current sources (Hauk 2004) . A spherical shell with evenly distributed 2 (azimuthal and polar direction) × 350 test dipoles were used as source model. A spherical shell model is a reasonable approximation of the cortical surface and circumvents the necessity for regularization of quasi-radial sources in more realistic MEG head modeling (Steinsträter et al. 2010) . With a radius of 87% of the individually fitted head radius the shell approximated the gray matter depth. L2-MNE topographies were calculated based on a Tikhonov regularization parameter k of 0.1. The resulting topographies revealed neuronal source activity-independent of source direction-for the different conditions. Mean estimated neural activities were calculated for an early (0-100 ms), an early to midlatency (100-200 ms), a mid-latency to late (200-300 ms), and a late (300-600 ms) time interval. A non-parametric statistical testing procedure similar to the cluster-mass test used for analysis of fMRI data was adopted that includes correction for multiple comparisons (Maris and Oostenveld 2007) . As part of this procedure, t-values (Valence in baseline analysis) or F-values (tDCS × Valence interaction) of dipoles were summed to the so-called spatiotemporal cluster masses when the Valence effect (baseline) or tDCS × Valence interaction, respectively, exceeded critical alpha-levels of P = 0.05 (sensor-level criterion). Cluster masses were compared against a random permutation cluster-based alpha-level of P = 0.05, which was established via Monte Carlo simulations of identical analyses based on 1000 permuted drawings of experimental conditions. Only spatio-temporal cluster masses exceeding this alpha-level in the respective time intervals were considered (cluster-level criterion). Thus, all reported baseline Valence effects and tDCS × Valence interactions were significant on sensor-and cluster-levels of P < 0.05. For preprocessing and statistical analysis, the Matlab-based EMEGS software (Peyk et al. 2011 ) was used.
Stimulus Rating
To check for construct validity of the presented stimuli and identify participants with conspicuous affective ratings, participants rated perceived hedonic valence and emotional arousal of all emotional scenes via a computerized version of the Self-Assessment Manikin (SAM, 1-9 Likert scale) (Bradley and Lang 1994) .
Results
t-tests comparing neural activity evoked by Pleasant versus
Unpleasant pictures for both fMRI and MEG baseline measurements revealed stronger activation for the Pleasant than Unpleasant category within the mPFC (Fig. 2) replicating previous findings of specifically higher activation for hedonic processing in these regions (Sabatinelli et al. 2007 ). Repeated measures ANOVAs of fMRI and MEG data with withinfactors tDCS (Excitatory, Inhibitory) and Valence (Pleasant, Unpleasant) revealed multiple clusters with reliable interactions of both factors (Fig. 3 and Table 1 ). Importantly and convergent with our hypothesis, all except one of these clusters showed a pattern with relative increases in activation during pleasant scene processing and decreased activity during unpleasant scene processing after excitatory compared to inhibitory tDCS. The temporal resolution of the MEG data revealed an identical tDCS modulation pattern within all relevant time intervals, indicating equally aligned effects on early-and thus more implicit-and later more explicit processing stages. While hemodynamic correlates predominantly reflected an amplification of pleasant scene processing (Fig. 3A,B, top rows) , MEG interactions additionally revealed reductions of neural activations evoked by unpleasant scenes (Fig. 3A,B , bottom rows) at earlier latencies. A single cluster in the right superior parietal lobule (R SPL) showed an inverted direction of these effects in the fMRI data analysis. This unique inversion is consistent with a trend-level MEG data effect showing an inverted pattern within the same right superior parietal region (see Supplementary Fig. 1 ). Finally, an analysis of the main effects of stimulation, though not a primary aim of this investigation, revealed a strong prevalence of neural activity increase after excitatory compared to inhibitory tDCS in both fMRI imaging and MEG studies (see Supplementary Fig. 2 ).
Discussion
Activity in the vmPFC tends to be positively associated with a wide range of emotion-related states such as pleasant scene or face processing, reward processing, fear extinction, pain relief, and other states that can be broadly characterized as "positive affect" (Myers-Schulz and Koenigs 2012). The baseline analysis in the study at hand further supported this prevalence for positive affect with significantly stronger neural vmPFC activationthough not ventral specific-for pleasant compared to unpleasant scene processing in both fMRI and MEG measures. Reactivity to pleasant scenes in these vmPFC areas is decreased in MDD and dysphoria and increases with successful antidepressant treatment (Sabatinelli et al. 2015) . Finite element-based forward modeling of tDCS currents (Wagner et al. 2014 ) aiming at maximal stimulation of this target area and minimal stimulation of surrounding brain regions revealed that the vmPFC can be well targeted by this tDCS electrode placement. Moreover, usage of an extracephalic chin reference allowed a quasi-reference-free stimulation scheme, providing a clear differentiation of excitatory and inhibitory effects of tDCS. However, while the goal of maximal vmPFC stimulation could be well-realized, minimal stimulation of surrounding brain regions was less achievable with this electrode configuration. In fact, as visible in Figure 1 , various PFC regions reveal a stimulation strength around and above 50% of the maximal stimulation strength. Thus, modulatory effects of surrounding PFC regions may have contributed to the reported effects.
We show here that excitatory tDCS targeting the vmPFC evokes a valence bias in healthy individuals towards relatively amplified processing of pleasant compared to unpleasant scenes. This modulatory effect occurred in a distributed network from occipital sensory areas across temporal regions to dorsal and ventral prefrontal cortices and from very early to late processing stages. Hemodynamic correlates reflected an amplification of pleasant scene processing, consistent with a model suggesting the vmPFC as predominantly reactive to appetitive material (Myers-Schulz and Koenigs 2012). It is noteworthy that several valence-modulated clusters active in our fMRI study are typically active during the processing of emotional scenes (i.e., left and right orbitofrontal cortex, right superior temporal gyrus, left fusiform gyrus; Sabatinelli et al. 2011) , thus reflecting a networklevel influence of stimulation outside the target area.
MEG interactions also reflected an amplification of pleasant scene processing but additionally exposed relative reductions of neural activations evoked by unpleasant scenes, convergent with findings of increased vmPFC activity after reduction of negative affect (Milad et al. 2007) or decreased thermal pain (Atlas et al. 2010) . MEG activity clusters at later, more sustained processing stages (>300 ms)-which presumably underlie the dominant hemodynamic modulation (Sabatinelli et al. 2013 )-also show an amplification particularly during pleasant scene processing. Interestingly, stimulation of the vmPFC modulated very early (<100 ms) preconscious processing (Dehaene and Changeux 2011) at bilateral sensory regions. Studies in primates revealed that visual stimuli could activate mPFC regions between 50 and 65 ms post stimulus (Lamme and Roelfsema 2000) , providing sufficient time to influence visual processing in secondary visual cortex regions via reentrant mechanisms (Pessoa and Adolphs 2010) . Supporting this model, rapid salience detection of visual stimuli in human orbitofrontal and dorsolateral PFC regions has been shown to result in amplified sensory processing in secondary visual cortex regions between 50 and 80 ms after stimulus onset (Steinberg et al. 2012) .
Both fMRI and MEG data analysis yielded a single right parietal cluster with an inverted direction of modulatory effects (though only trend level in the MEG), that is, reduced activity during pleasant compared to unpleasant scene processing after excitatory stimulation and enhanced activity during pleasant relative to unpleasant scene processing after inhibitory stimulation. The intraparietal sulcus/superior parietal lobule area is a key node in the bilateral dorsal attention or task-positive network, and is, importantly, functionally anti-correlated with the right lateralized ventral attention or task-negative network, of which the vmPFC is a major hub (Corbetta and Shulman 2002; Fox et al. 2006) . It has been proposed that "[…] task-relevant signals from the dorsal system 'filter' stimulus-driven signals in the ventral system, whereas stimulus-driven 'circuit-breaking' signals from the ventral system provide an interrupt to the dorsal system, reorienting it toward salient stimuli" (Fox et al. 2006 ). An increased/reduced saliency of pleasant/unpleasant pictures-as consequence of excitatory stimulation of the vmPFC-for instance, would thus lead to an enhanced/reduced interruption of the dorsal attention system with consequentially reduced/enhanced dorsal parietal cortex activation. The inverted effects in right parietal regions might thus reflect the pull-push interaction (Fox et al. 2006 ) of the ventral (vmPFC) and dorsal (SPL) attention systems.
It should be mentioned that there were not any modulatory effects of tDCS on affective scene processing at the local site of stimulation neither in the fMRI nor in the MEG study. This is consistent with findings from other brain stimulation studies, which, in spite of remote stimulation effects, have not reported effects at site of stimulation either when regional cerebral blood flow or glucose metabolism was measured (Kimbrell et al. 2002; Ohnishi et al. 2004; Lang et al. 2005) . However, in spite of the convergent fMRI and MEG baseline effects in the vmPFC (Fig. 2) , the missing MEG findings at the stimulation site might at least in part be explained by the weakest fit of anatomy and spherical source model and weakest sensor coverage of this region.
It should be noted that our results do not allow direct inferences about a potential anti-depressive effect of excitatory tDCS of the vmPFC. In fact, a framework suggesting that a modulation of neural excitability in the vmPFC "[…] would have a straightforward effect on an individual's subjective emotional state may be a gross oversimplification of a complex and dynamic network" (Myers-Schulz and Koenigs 2012). We also acknowledge that the studies at hand do not allow clear inferences about modulations of emotional behavior, about stronger effect sizes during stimulation, or a cumulative impact of repeated tDCS.
Conclusion
The convergence of strong and consistent statistical effects in predicted directions across large and independent groups and complementary methods establishes a basis for further investigation of a potentially beneficial use of this novel stimulation approach in patients with MDD or other affective disorders.
Future research could investigate whether these stimulation effects on pleasant scene perception generalize to other emotional material in the visual (e.g., processing of attractive faces or emotional words) or other sensory modalities (e.g., listening to enjoyable music) or might generalize towards other positive emotion-related states such as reward processing, fear extinction or pain relief. Although focal targeting of specific brain regions is subject to methodological limitations (Wagner et al. 2016) , high-density tDCS with up to 256 sensors (Guler et al. 2016 ) has the potential to significantly improve effect sizes and identify individually tailored targets in the service of therapeutic treatment.
Supplementary Material
Supplementary material are available at Cerebral Cortex online. 
Funding
